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the disease causative genes may provide a context for
poly-Q to affect specific neurons (Ross, 1995).
The normal function of Atrophin-1 is not well under-
stood. Inspection of the Atrophin-1 protein sequence
reveals a proline-rich region and several arginine-glu-
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tamic acid (RE) dipeptide repeats but no known func-295 Congress Avenue
tional domain (Koide et al., 1994; Nagafuchi et al., 1994).New Haven, Connecticut 06536
Atrophin-1 proteins are detected in both the cytoplasm
and the nucleus, providing no insights into its function
(Wood et al., 2000). Through yeast two-hybrid interac-
tion screens, several potential regulators and effectorsSummary
of Atrophin-1 have been isolated, including ETO/MTG8
protein (Wood et al., 2000). ETO/MTG8 functions in tran-Dentatorubral-pallidoluysian atrophy is a progressive
scriptional regulation, and Ross and colleagues haveneurodegenerative disease caused by the expansion
further shown that overexpression of Atrophin-1 canof a polyglutamine repeats within the Atrophin-1 pro-
repress transcription of a luciferase reporter gene intein. The in vivo function of Atrophin-1 is unknown.
tissue culture cells (Wood et al., 2000). However, theWe have characterized a Drosophila gene encoding
physiological relevance of these interactions remains toan Atrophin family protein. Analysis of mutant pheno-
be demonstrated.types indicates that Drosophila Atrophin is required in
Drosophila has been a useful model system to investi-diverse developmental processes including early embry-
gate the functions of evolutionarily conserved genes.onic patterning. Drosophila Atrophin genetically inter-
We have used the FRT/FLP-based strategy to identifyacts with the transcription repressor even-skipped
mutants that exhibit phenotypes analogous to humanand is required for its repressive function in vivo. Dro-
diseases (Xu et al., 1995). From a mosaic genetic screen,sophila Atrophin directly binds to Even-skipped in vitro.
we isolated mutations that affect a Drosophila gene en-Furthermore, both human Atrophin-1 and Drosophila
coding a member of the Atrophin protein family (Atro).Atrophin repress transcription in vivo when tethered
Mosaic adults containing Atro mutant clones displayto DNA, and poly-Q expansion in Atrophin-1 reduces
defects in multiple developmental processes. Embryosthis repressive activity. We propose that Atrophin pro-
lacking maternal Atro product exhibit complex patterningteins function as versatile transcriptional corepres-
defects, including disruption of segmentation, dorso-sors and discuss a model that deregulation of tran-
ventral patterning, and neurogenesis. The pleitropismscription may contribute to the pathogenesis of
of the Atro phenotype suggests that the Atro proteinneurodegeneration.
may function in a fundamental cellular process.
Since Atro affects embryo segmentation, we chose
Introduction
to use this well-characterized patterning process to ex-
amine the mechanism of Atro function. The fly segments
Dentatorubral-pallidoluysian atrophy (DRPLA) is a domi- are established through the actions of a hierarchy of
nantly inherited neuronal degenerative disease charac- maternal and zygotic genes (maternal→gap→pair-rule→
terized by the variable combination of ataxia, choreoath- segment polarity) during early embryogenesis, and most
etosis, myoclonus, epilepsy, and dementia (Naito and of these genes encode sequence-specific transcription
Oyanagi, 1982). The disease is caused by the expansion factors (St. Johnston and Nusslein-Volhard, 1992). One
of a polyglutamine tract (poly-Q) within the Atrophin-1 of the pair-rule genes, even-skipped (eve), has been
protein (Koide et al., 1994; Nagafuchi et al., 1994). In addi- demonstrated to play a particularly important role in
tion to DRPLA, expansion of poly-Q has been identified relaying the segmentation process. eve functions as a
as the cause for a growing number of other neurodegen- congenital transcription repressor and regulates the ex-
erative diseases including Huntington’s disease (HD), pression of several pair-rule genes such as fushi-tarazu
spinobulbar muscular atrophy (SBMA), and several spino- (ftz), as well as the segment-polarity genes engrailed
cerebellar ataxias (SCA) (Ross, 1995). One intriguing fea- (en) and wingless (wg) (Manoukian and Krause, 1992).
ture of these poly-Q diseases is that each appears to eve is expressed as seven evenly spaced stripes during
selectively affect only a specific subset of neurons de- the blastoderm stage, and each stripe boundary is re-
spite a widespread expression pattern of the disease stricted by gap gene repressors such as hunchback
gene products (Ross, 1995). For instance, in DRPLA (hb), kruppel (kr), and knirps (kni) (Frasch et al., 1988;
patients, degeneration of the dentatofugal and pallidofu- Fujioka et al., 1999). Transcriptional repression, thus, is
gal systems in the brain is the most prominent neuro- essential in generating precise pattern formation.
pathological feature (Naito and Oyanagi, 1982). This ap- The expressions of several pair-rule genes are dere-
parent selectivity suggests that the normal functions of pressed in the Atro mutant embryos. In addition, Atro
genetically interacts with eve and huckebein (hkb) re-
pressors and is required for the in vivo repressive activity1 Correspondence: tian.xu@yale.edu
of eve. Moreover, the highly conserved C-terminal region2 Present address: Department of Genetics, Harvard Medical School,
200 Longwood Avenue, Boston, Massachusetts 02115. of the Atro protein can bind to Eve and Hkb in vitro and
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Figure 1. Loss of Atro Function Causes a Va-
riety of Adult Phenotypes in Mosaic Flies
(A) Adult wing with Atro/ clones exhibits
several defects, including notched wing mar-
gin and ectopic vein material.
(B) High-magnification view of a Atro/ clone
labeled by yellow and mwh (outlined with
green line) that affects the polarity of the sur-
rounding wild-type hairs.
(C) Mosaic fly with a cleft in the notum. The
Atro/ clone was labeled by the mwh marker
(outlined with green line).
(D) Wild-type adult eye.
(E–G) Adult eyes with Atro/ clones. Mutant
cells are marked by the white marker.
(F) Tangential section of a mutant eye clone
reveals a nonautonomous effect on the polar-
ity of neighboring wild-type ommatidia. Red
arrows point to the normal ommatidium direc-
tions, while green arrows indicate those with
incorrect orientations.
(G) Close view of the mutant clone in (F),
which contains an ommatidium with fewer
photoreceptor cells (arrow) and an abnor-
mally shaped rhabdomere (arrowhead).
interacts with Eve’s minimal repression domain (Han tion of the wild-type ommatidia adjacent to the mutant
clone (Figure 1F). Furthermore, both ommatidia rotationand Manley, 1993). Finally, we show that both Drosophila
and human Atrophin proteins, when tethered to DNA, and organization within the mutant eye clone became
disorganized, with some ommatidia missing outer pho-can directly repress transcription in transgenic animals
and that human Atrophin-1 with poly-Q expansion has toreceptor cells (Figure 1G, arrow), while others con-
tained extra cells or abnormally shaped rhabdomeresreduced transcription-repressive activity. From these
data, we propose that Atro normally functions as a ver- (Figure 1G, arrowhead). Animals homozygous for these
P element lines died at a late embryonic stage. Thesesatile transcriptional corepressor, and we discuss a
model of how deregulation of transcription could con- phenotypes are clearly caused by the P element inser-
tions, since precise excision of the P elements revertedtribute to the pathogenesis of neurodegeneration.
the lethality and resulted in wild-type adults (Experimen-
tal Procedures). Taken together, these observationsResults
suggest that the mutated gene has pleitropic effects
and may be involved in a fundamental cellular process.Clones of Atro/ Mutant Cells Display Diverse
Phenotypes in Adult Tissues
To identify genes that regulate growth and patterning,
we used the FRT/FLP system to screen for lethal muta- Molecular Characterization of the Drosophila
Atrophin Genetions that cause adult phenotypes in mosaic animals
(Xu et al., 1995). From 326 P element lines on chromo- The P element insertions were mapped to the cytological
position of 66D1-2 (BDGP). Genomic DNA flanking thesesome 3L screened, we identified one complementation
group comprised of five P element lethal insertion alleles, P elements was isolated to screen a Drosophila imaginal
disc cDNA library, and multiple cDNAs corresponding tol(3)J5A3, l(3)03928, l(3)01323, l(3)rO116, and l(3)rO154
(Berkeley Drosophila Genome Project [BDGP]), which a single transcript of9 kb were identified (Experimental
Procedures). Two lines of evidence indicated that thiscaused a variety of adult mosaic phenotypes. Mutant
clones in the adult wing caused mild overgrowth of vein transcript corresponded to the correct gene. First, all
alleles have a P element inserted either in the first exontissue, ectopic wing vein, or notched wing (Figure 1A).
Clones of mutant cells in the intervein regions also al- or in the intronic regions, and imprecise excisions of
these P elements generated new alleles containing le-tered the hair polarity of the surrounding wild-type cells
(Figure 1B). In the notum, mutant clones caused notal sions in the exon regions (Figure 2A). Second, expres-
sion of a cDNA encoding the entire open reading frameclefts (Figure 1C). In the eye, mutant clones caused small
and rough eyes (Figure 1E). Tangential sections of the (ORF) under the control of the heat shock promoter
(hs-Atro) was able to rescue the homozygous mutantAtro/ mosaic eyes revealed incorrect rotational direc-
Atrophin Functions as a Transcription Corepressor
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Figure 2. Atro and Its Homologs
(A) Genomic organization of the Atro gene. The Atro transcript is illustrated under the genomic DNA with filled bars representing coding exons
(X, Xba1; H, Hind3; R, EcoR1; B, Bgl II). The P element insertional alleles are shown above the genomic DNA, and deletion alleles are shown
under the genomic DNA. P1, l(3)03928; P2, l(3)rO116; P3, l(3)rO154; P4, l(3)J5A3; P5, l(3)01323.
(B) Schematic sequence relationships among Drosophila Atro protein, human Atrophin-1, and a related human protein, Atrophin-2 (KIAA0458),
with the corresponding homologous regions shown in the same color. The sequence identities (similarities) between Atro and the human
protein are indicated for the C-terminal domain. The polyglutamine repeats are labeled according to their length (Q11, Q14). Abbreviations
are as follows: NLS, nuclear localization signal; MTA, MTA-like region; ANR, Atrophin-1 N-terminal region related.
phenotypes associated with the P element alleles, in- charged amino acids. (3) The more N-terminal region of
Atro (aa 206–722) contains multiple stretches of isolatedcluding embryonic lethality (Experimental Procedures).
sequences that are conserved in both Atrophin-1 and
Atrophin-2, which we named ANR (Atrophin-1 N-termi-Drosophila Atrophin Is a Member of the Atrophin
nal region related; Figure 2B and Supplemental FigureProtein Family
S1). (4) Interestingly, the very N terminus sequence ofConceptual translation of a full-length cDNA revealed
Atro (aa 1–205) is not present in Atrophin-1, but homolo-an ORF of 1985 amino acids. BLAST search analysis
gous sequences are found at the N terminus of Atro-showed that the predicted protein is a Drosophila mem-
phin-2 (aa 1–206) and human MTA2 related proteinsber of the Atrophin protein family (Figure 2B; see Supple-
(Figure 2B, Supplemental Figure S1, and data notmental Figure S1 at http://www.cell.com/cgi/content/full/
shown). There are also two glutamine repeats (Q11 and108/1/45/DC1). While there are at least two known
Q14) and two putative nuclear localization signals (NLS)Atrophin family proteins in humans (Atrophin-1 and a
in Atro (Figure 2B and Supplemental Figure S1).related protein, Atrophin-2 [KIAA0458]; Koide et al.,
1994; Nagafuchi et al., 1994; Seki et al., 1997), only one
Atrophin homolog was found in the Drosophila genome Atro Is a Ubiquitously Expressed Nuclear Protein
RNA in situ and Northern analysis revealed that a singleand no Atrophin homolog was found in Caenorhabditis
elegans or yeast. We thus named the identified gene Atro transcript is expressed throughout embryonic de-
velopment, including 0- to 2-hr-old embryos, indicatingDrosophila Atrophin (Atro).
By sequence comparison, the Atro protein can be a maternal contribution (data not shown). Immunostain-
ings with anti-Atro antibodies revealed that in early-stagesubdivided into four regions. (1) The C-terminal one-
third of the Atro protein (amino acids [aa] 1387–1985), a embryos, Atro protein was ubiquitously expressed in
every cell (Figures 3A and 3B; Experimental Procedures),region rich with charged amino acids and several highly
conserved arginine-glutamic acid (RE) dipeptide re- while in later-stage embryos the protein was expressed
at a higher level in the nervous system (Figure 3C). Atropeats, shares high levels of sequence identity with the
corresponding region in human Atrophin-1 and Atro- was also expressed in all larval tissues examined, in-
cluding brain and imaginal discs (Figures 3D and 3Ephin-2 (33% and 27% identity, respectively; Figure 2B
and Supplemental Figure S1). (2) Similar to Atrophin-1 and data not shown). Interestingly, the Atro protein was
mainly located within the nucleus in a punctuate formand Atrophin-2, the middle region of Atro (aa 723–1386)
contains a high percentage of proline and other non- (Figures 3B and 3E).
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Figure 3. Atro Expression and Subcellular Localization
(A) Ubiquitous expression of Atro protein in a stage 5 embryo, as revealed by -Atro antibody staining.
(B) Magnified view of (A) to show Atro’s predominant nuclear localization.
(C) Ventral view showing high level of Atro expression in the ventral nerve cord of a later stage embryo.
(D and E) A third instar larvae brain stained for (D) Atro protein and (E) DNA dye (propidium idoine). OL indicates optic lobe.
(F). Magnified view of the region marked in (D). Atro displays a patchy nuclear distribution pattern in most cells, and much-reduced expression
level in clusters of dividing cells.
Atro Is Required for Multiple Embryonic mutant embryos with antibodies against Elav, which
marks both the central and peripheral nervous system.Patterning Processes
Animals homozygous for the P element insertions or e46-2 As shown in Figure 4E, the number of Elav-positive cells
was dramatically increased in the Atromat embryos, sug-alleles died at a late embryonic stage with no obvious
morphological defects. Since defects caused by Atro gesting a role for Atro in the neurogenic process as well.
Anti-Elav staining also revealed that the number ofcould be masked by its maternal contribution, mutant
embryos lacking maternal Atro products (Atromat) were metameric neuronal units in the Atromat embryos was
reduced, suggestive of a simultaneous segmentation de-generated using the FLP-DFS technique (Chou and Per-
rimon, 1992). Among the embryos produced from Atromat fect (Figures 4E and 4F). Indeed, even in mutant embryos
with less severe neurogenic defect, the missing andmothers and Atro/ fathers, those lacking both mater-
nal and zygotic Atro gene product did not develop, misshaped ventral denticle belt phenotype was evident
(Figures 4A and 4G). To further study the segmentationwhereas those maternally mutant but zygotically res-
cued embryos displayed a range of patterning defects phenotype, we examined the expression of engrailed
(en), a segment-polarity gene which in wild-type embryo(see below and Experimental Procedures). To under-
stand the function of Atro in a greater detail, we further was expressed as 14 stripes at the anterior boundary
of each parasegment (Figure 4I). In Atromat embryos,investigated the role of Atro in early embryonic pat-
terning where many molecular markers are available. the number of en stripes was reduced, and several of
those remaining en stripes were incomplete or fusedFirst, cuticle preparations showed that some Atromat
embryos had widened ventral denticle belts in the dor- together (Figure 4H). Such a segmentation defect was
also confirmed by examining the expression of anothersal/ventral direction (Figure 4A). Using an antibody
against Twist, a protein expressed in the ventral-most segment-polarity gene, wg (data not shown). Taken to-
gether, these results indicated that maternal Atro was20 cells of stage 5 wild-type embryos (Figure 4C), we
found that Twist expression became broader and cov- essential for proper embryonic pattern formation.
ered most of the ventral cells in Atromat embryos (Figure
4B). These data indicated that Atromat embryos were Atro Affects Early Segmentation Processes
Because the expression of segment-polarity genes isventralized and suggested a requirement for Atro in dor-
soventral patterning. defined by the pair-rule genes, it was possible that the
abnormal en and wg expression patterns were a resultIn addition, cuticle preparations also showed that
many of these embryos had holes or patches of naked of aberrant pair-rule gene regulation caused by the Atro
mutations. Therefore, we examined the expression pat-cuticle (Figures 4A and 4D). Such phenotypes have been
observed in animals mutant for neurogenic genes in terns of pair-rule genes in Atro mutant embryos. In wild-
type embryos, the pair-rule genes (such as eve, hairy,which the hyperplasia of neuronal tissues at the expense
of epidermis leaves an insufficient amount of epidermal runt, and ftz) are expressed as seven precisely defined
stripes (Figures 5I–5K and data not shown). However,cells to cover the whole embryo. To test whether Atromat
embryos exhibited neurogenic defects, we stained the in Atromat embryos, these stripes were expanded and
Atrophin Functions as a Transcription Corepressor
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Figure 4. Maternal Atro Is Required for Embryonic Patterning
(A, D, and G) Cuticle preparations of late-stage Atromat embryos derived from Atro/ germ line clones. Ventral view. See Figure 6A for cuticle
preparation from wild-type embryo.
(A) Embryo with missing and ventralized ventral denticle bands.
(B and C) Stage 5 (B) Atromat and (C) wild-type embryos stained with -Twist antibody. Ventral views. Notice the expanded Twist expression
in (B).
(D) Embryo with severe neurogenic phenotype (missing cuticle, also see [A]).
(E and F) -Elav staining of stage 15 (F) wild-type and (E) Atromat embryo showing hyperplasia of neuronal tissue (E). The number of neuromeres
is also reduced in the mutant, reflecting the early segmentation defect. Dorsal side up.
(G) Embryo with severe segmentation defect.
(H and I) Stage 10 embryos stained with -En antibody.
(H) Atromat embryo with missing En stripes.
(I) Wild-type. Dorsal side up. Anterior is to the left for all embryos. Also see Experimental Procedures.
their boundaries became less defined (Figures 5L–5N and the number of transheterozygous progeny from
and data not shown). Of special note was the shift in these crosses was scored and summarized in Table
expression of the pair-rule genes into the posterior re- 1. While most mutants tested did not display obvious
gion in the Atromat embryos (Figures 5L–5N, arrows), genetic interactions (Table 1, footnote a3), mutations
resembling the phenotype previously observed in em- affecting the eve and hkb transcriptional repressors
bryos with mutations in the terminal gap gene hkb showed a dosage-sensitive interaction with maternal
(Weigel et al., 1990). Atro (Table 1). From crosses of heterozygous Atro/
Since the stripe boundaries of the pair-rule genes are females and eve/ males, almost all of the eve/prog-
restricted by the repressive activities of gap genes, we eny (both eve/; Atro/ and eve/; Atro/) were ab-
further examined gap gene expression in the Atromat sent (Table 1). In contrast, in the reciprocal crosses
embryos. The expression patterns of the four gap genes where Atro/ males were mated with eve/ females,
examined, including hb, kni, kr, and giant, were nearly a normal percentage of eve/ progeny was observed
normal as compared to the wild-type embryos (Figures (Table 1). These data showed that the lethality was
5A–5H). This result suggested that the repressive activi- caused by a reduction of maternal Atro dosage. Similar
ties of the gap genes, but not their expression, might be interactions were also observed with hkb (Table 1).
compromised in the Atromat embryos. Taken together, These findings suggested that Atro might mediate the
these findings suggested that Atro might be required for functions of eve and hkb repressors in vivo.
the repressive activities of multiple transcription factors The eve/; Atro/ double heterozygous embryos pro-
during embryonic segmentation. duced by Atro/ mothers died at a late embryonic
stage. These embryos lost some or all of the even-num-
bered ventral denticle belts (Figure 6D), mimicking theAtro Mediates the Repressive Activity of Eve In Vivo
phenotype of hypomorphic eve mutant embryos (Nuss-The above results suggested that the maternal Atro is
lein-Volhard et al., 1985). However, staining of theseessential for proper embryo pattern formation. To further
embryos with an Eve antibody revealed that the expres-understand the function of Atro in embryonic develop-
sion of Eve was normal (data not shown), indicating thatment, we searched for possible genetic interactions be-
it was the activity of eve that was affected by the reducedtween Atro and genes involved in early embryogenesis.
Atro dosage. To confirm this, we further analyzed theHeterozygous Atro/ flies were crossed to flies carrying
heterozygous mutations affecting early embryogenesis, expression patterns of two eve target genes, wg and
Cell
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Figure 5. Expression Patterns of Segmentation Genes in Atromat Embryos
Stage 5 embryos are shown with anterior to the left and dorsal side up.
(A–H) Gap gene expression in (A–D) wild-type embryos or in (E–H) Atromat embryos. Shown are (A and E) Hunchback, (B and F) Knirps, (C
and G) Kruppel, and (D and H) Giant. Similar expression patterns of the gap genes are observed in wild-type and mutant embryos.
(I–N) Expression patterns of pair-rule genes in (I–K) wild-type embryos or in (L–N) Atromat embryos. Shown are (I and L) Eve, (J and M) Hairy,
and (K and N) Ftz. Notice the expansion of Eve, Hairy, and Ftz stripes in mutant embryos. The clear spaces between stripes in wild-type
embryos become narrower and blurry in mutants. Arrows point to the positions of last stripes for the pair-rule genes, which are shifted toward
the posterior end in mutants. All patterns are revealed by antibody staining except Ftz, which is revealed by RNA in situ.
en. In wild-type embryos, the wg expression stripe is of eve’s activity is sufficient for the even-numbered ones
(Manoukian and Krause, 1992). In the eve/; Atro/mostly one-cell wide, with only the even-numbered wg
expression restricted by eve (Figure 6B). In the eve/; double heterozygous embryos, the odd-numbered en
stripes were expanded posteriorly (Figure 6F), resem-Atro/ double heterozygous embryos, while the odd-
numbered wg stripes maintained their one-cell width, bling phenotypes observed in homozygous hypomorphic
eve mutant embryos (Figure 6C; DiNardo and O’Farrell,there was considerable anterior expansion of the even-
numbered wg stripes, indicating that the repressive ac- 1987; Frasch et al., 1988). Taken together, these results
demonstrated that Atro is important for the repressivetivity of eve was compromised (compare Figures 6B and
6E). Similarly, in wild-type embryos, en is expressed as activity of eve and suggested that these two genes might
function closely in the segmentation pathway.14 evenly spaced stripes in the embryo trunk region
(Figure 4I). Although both the odd- and the even-num-
bered en expression stripes are regulated by eve, a Atro Directly Binds to Eve and Hkb In Vitro
Since the above genetic data indicated that Atro func-higher level of eve’s repressive activity is required to
define the odd-numbered en stripes, while a low level tions closely with eve and hkb, we tested for possible
Table 1. Atro Shows Dosage-Sensitive Genetic Interactions with Transcriptional Repressors eve and hkb
Parentsa

Atrop5

eve3

Atrop5

hkbxm9
TM3 Sb, Kr-GFP Cyo, Kr-GFP TM3, Sb TM3, Sb
   

eve3

Atrop5

hkbxm9

Atrop5
Progenies Cyo, Kr-GFP TM3, Sb, Kr-GFP TM3, Sb TM3, Sb
seg/ Atro/ 0 (0%) 779 191 (23%) 1092
seg/ / 4 (0.4%) 561 1678 2485
/ Atro/ 1212 783
/ / 884 503 – –
a 1. Genetic interaction were also observed between other eve and Atro alleles (eve1, eve2, eve4, and eveR13; Atrop3, Atrop1, and Atroe46–2).
2. Genetic interaction were also observed between the following hkb and Atro combinations: hkbxm9/Atroe46–2, hkb62/Atrop5, and hkbA32(R)/Atrop5.
3. Mutations in the following genes do not exhibit obvious genetic interaction with Atro: hb, kr, kni, gt, tll, hairy, runt, ftz, ftz-f1, twist, snail,
rho, dl, dpp, and tsl.
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Figure 6. Genetic Interaction between Atro and eve
Cuticle preparation of (A) wild-type embryo and (D) transheterozygous embryo (eve/; Atro/) derived from Atro heterozygous mother,
showing the loss of A6, A8, and part of A2 ventral denticle bands.
(B, C, E, and F) Embryos at germ band extended stage stained with (B and E) -Wg or (C and F) -En antibodies. Dorsal side up.
(B) Wild-type. Wg stripes are mostly one cell wide. Even-numbered Wg stripes, which are directly repressed by Eve, are labeled.
(C) Homozygous eve1 embryo raised at 21C showing posteriorly expanded odd-numbered En stripes. eve1 is a temperature-sensitive allele
and behaves as a weak allele at 21C (Nusslein-Volhard et al., 1985).
(E) eve/; Atro/ embryo derived from Atro heterozygous mother. Most even-numbered Wg stripes are expanded anteriorly and become
two-cell wide or more, while the odd-numbered Wg stripes still maintain one-cell width (comparing to [B]).
(F) eve/; Atro/ embryo derived from Atro heterozygous mother, showing the posterior expansion of most odd-numbered En stripes. The
eve/; Atro/ embryos are identified by the loss of LacZ-marked balancers (also see Table 1). Anterior is to the left for all embryos.
physical interactions using a GST pull-down assay (Experi- directly repress transcription when it is tethered to DNA
via a heterologous DNA binding domain. To test this,mental Procedures). We found that the full-length radio-
labeled Atro could bind to a full-length Eve (GST-Eve) we generated an Atro-GAL4 fusion and examined its
function in the Kreggy/NEE-LacZ system (Nibu et al.,or Hkb (GST-Hkb), but not to GST alone (Figure 7A).
To map the domains within Atro responsible for these 1998a). Briefly, full-length Atro was fused to the C termi-
nus of the Gal4 DNA binding domain (Gal4DB::Atro), andinteractions, we generated a series of Atro deletions
and performed the pull-down assay. The results sug- the chimeric gene was placed under the control of the
Kruppel promoter (Kr-Gal4DB::Atro), which drives genegested that the C-terminal region of Atro (aa 1324–1985)
was responsible for its binding to Eve, and further dele- expression in a broad band in the central region of the
blastoderm-stage embryo (Figure 8A). The LacZ reportertion in this region diminished its binding ability (Figures
7A and 7B). Interestingly, this C terminus Eve binding gene (UAS-NEE)-LacZ, which is driven by a modified
rhomboid NEE enhancer that contains three UAS sitesdomain is highly conserved in the Atrophin family pro-
teins (Figure 2), suggesting that this interaction might for Gal4 binding, is normally expressed in the ventral
side of the same stage embryos (Figure 8B). However,be evolutionarily conserved.
To define the region in Eve responsible for its interac- when the (UAS-NEE)-LacZ flies were crossed with the Kr-
Gal4DB::Atro transgenic animals, their progeny showed ation with Atro, we generated a series of GST-Eve dele-
tions. Previous work has divided the Eve protein into repressed LacZ transcription in the central region where
the Gal4DB::Atro fusion protein was expressed (Figuresix regions (regions A–F; Han and Manley, 1993). We
found that neither Eve’s homeodomain (region B) nor 8C). This result suggested that the full-length Atro pro-
tein could behave as a transcriptional corepressor inthe EF region showed significant interaction with Atro
(Figures 7C and 7D). Instead, only the CD region of Eve vivo.
Given the sequence similarity between Atro and hu-bound to the Atro protein (Figures 7C and 7D). Further
deletion of either region C or D significantly reduced man Atrophin-1, it is possible that human Atrophin-1
may also function as a transcriptional corepressor intheir binding ability to Atro. This CD region has been
previously defined as Eve’s minimal repressor domain vivo. Thus, we tested this possibility using the Kreggy/
NEE-LacZ system in fly embryos. Interestingly, when(Han and Manley, 1993), suggesting that the minimal
repression domain in Eve functions to bind Atro. tethered to Gal4 DNA binding domain, human Atrophin-1
can repress LacZ transcription in (UAS-NEE)-LacZ re-
porter embryos, as more than 75% of the examinedAtrophin Proteins Function as Corepressors In Vivo
The binding data, along with the genetic data, suggest embryos exhibited a repressed LacZ transcription (Fig-
ure 8D; Experimental Procedures), suggesting that thea possible mechanism in which Atro functions as a core-
pressor for site-specific repressors like Eve and Hkb. function of Atrophin family proteins are evolutionarily
conserved. We further tested human Atrophin-1 with aOne function of Eve and Hkb might be to recruit Atro to
the promoter site where Atro can exert its repressive poly-Q expansion in the same system and found that
only about 18% of the examined embryos displayed aactivities. This hypothesis would predict that Atro can
Cell
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Figure 7. The Atro Protein Directly Interacts with Eve and Hkb
(A) Both Eve and Hkb bind to Atro. 35S-labeled full-length Atro binds to full-length GST-Eve (lane 3) and GST-Hkb (lane 4), but not to GST
alone (lane 2). Furthermore, the C-terminal region of Atro (Atro-C) binds to Eve (lane 14) and Hkb (lane 5), while neither the N-terminal nor the
middle region of Atro (Atro-N and Atro-M) show binding activity to Eve (lanes 8 and 11). 35S-labeled Atro-N, Atro-M, and Atro-C were incubated
with GST or GST-Eve-BCD proteins. The inputs in lanes 6, 9, and 12 represent 20% of the amount of the labeled protein used in the pull-
down assay, while input in lane 1 contains 10% of the protein.
(B) Diagram of the full-length Atro protein or its truncations used for in vitro binding assay with Eve. The binding results are summarized at
right.
(C) Eve’s minimal repression domain (Eve-CD) is responsible for its binding to Atro. Only Eve-BCD (lane 3) and Eve-CD (lane 5) show significant
binding with Atro.
(D) Diagram of the full-length Eve with the previously defined subdomains and series deletion constructs that are expressed as GST-fusion
proteins and used for binding assay with Atro. Abbreviations are as follows: HMD, homeodomain; Ala, alanine-rich region; and Pro, proline-
rich region.
repressed LacZ transcription, suggesting that poly-Q Previous studies have shown that Eve can interact with
the TATA binding protein (TBP) to prevent the bindingexpansion alters Atrophin’s transcriptional repressive
activity (Experimental Procedures). of TBP to TATA elements, suggesting that it represses
transcription by disrupting the formation of a preinitia-
tion complex at the promoter (Li and Manley, 1998).Discussion
However, TBP binding alone can not account for all of
Eve’s repressive activity, since Eve does not disrupt aIn this study, we described the characterization of a
Drosophila Atrophin-1 homolog. Our analysis indicated preformed TFIID-TATA complex to prevent transcription
(Li and Manley, 1998). Furthermore, Eve can inhibit tran-that Atro is required in diverse developmental pro-
cesses. We also presented genetic and biochemical evi- scription from a TATA-less promoter, which does not
dence that show Atro interacts with two transcriptional require the presence of TBP (Han and Manley, 1993).
repressors and support the notion that Atro functions These findings suggest that Eve might utilize additional
as a general transcriptional corepressor. mechanisms to carry out its repressive function. In addi-
tion, Eve has been shown to interact with Rpd3, a histone
deacetylase, to regulate gene expression (MannervikAtro Functions as a Transcription
Corepressor for Eve and Levine, 1999).
Recent studies have shown that many sequence-spe-As a dedicated repressor, the mechanism of transcrip-
tional repression by eve has been extensively studied. cific transcription factors recruit cofactors to mediate
Atrophin Functions as a Transcription Corepressor
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Figure 8. Atro Represses Transcription In Vivo
(A) The myc-tagged full-length Atro is fused to the Gal4 DNA binding domain (Gal4DB::AtroMyc), and the fusion protein is expressed in the
central region of blastoderm-stage embryos (kr-Gal4DB::AtroMyc), as revealed by -myc staining.
(B) The LacZ transcript is expressed in the ventral region of the same stage embryos in the (UAS-NEE)-LacZ reporter line.
(C) In kr-Gal4DB::AtroMyc and (UAS-NEE)-LacZ double transgenic embryos, the transcription level of the LacZ reporter gene is reduced in the
central region.
(D) In kr-Gal4DB::hAtrophin-1 and (UAS-NEE)-LacZ double transgenic embryos, the transcription level of the LacZ reporter gene is also
reduced in the central region. The LacZ expression is detected in situ using Dig-labeled antisense LacZ RNA. Anterior is to the left and dorsal
side up for all embryos.
their regulatory activities (Mannervik et al., 1999). For Previous study has demonstrated that the CD region
in Eve protein, a small alanine- and proline-rich region,example, repression by Hairy and En mainly depends
on their interaction with corepressor Gro via their repres- functions as Eve’s minimal repression domain, although
the mechanism of repression mediated by this smallsion domains (Paroush et al., 1994; Jimenez et al., 1997),
while repression by Snail, Kr, and Kni requires their asso- domain is not clear (Han and Manley, 1993). Our genetic
and biochemical data suggest that the function of thisciation with another corepressor, dCtBP, through their
repression domains (Nibu et al., 1998a, 1998b; Poortinga minimal repression domain is to bind to the Atro protein
(Figure 7). Furthermore, it seems likely that Eve canet al., 1998). Both Gro and dCtBP are maternally ex-
pressed nuclear proteins. Removal of the maternal prod- bind to multiple corepressors at the same time, because
another region of Eve has been shown to interact withucts for either gro or dCtBP results in severe embryonic
defects in multiple patterning processes (Paroush et al., Gro (Kobayashi et al., 2001). Thus, in addition to its
ability to interfere with TBP function and interact with1994; Nibu et al., 1998a; Poortinga et al., 1998). The
functional relationship of these repressors and the cor- Rpd3, Eve might recruit a battery of corepressors to
achieve its potent repressive power.responding corepressors was further substantiated by
the specific dosage-sensitive genetic interactions ob-
served between mutations in the repressor (e.g., hairy) Diverse Functional Requirements for Atro
One prominent feature displayed by the Atro mutantsand its corepressor (e.g., gro) (Paroush et al., 1994; Nibu
et al., 1998b). is the diverse mutant phenotypes. For example, in em-
bryos lacking maternal Atro, severe disruption of multi-Our data suggests that Eve requires Atro to repress
transcription during embryogenesis. Atro is a ubiqui- ple patterning processes is observed, including dorso-
ventral patterning, segmentation, and neurogenesistously expressed nuclear protein with strong maternal
contribution (Figure 3). Strong dosage-sensitive genetic (Figure 4). In mosaic adults, Atro mutant cells exhibit a
variety of abnormalities in multiple tissues, includinginteractions were observed between eve and maternal
Atro (Table 1). The expression of eve’s target genes wg extra vein and notches in the wing, cleft notum, and cell
nonautonomous defects of wing hair and ommatidiumand en was derepressed in the eve and Atro double
heterozygous embryos with reduced Atro maternal con- polarity (Figure 1). Since our data suggest that Atro func-
tions as a corepressor, these phenotypes might resulttribution (Figure 6), a phenotype reminiscent of mutants
with reduced eve activity (Nusslein-Volhard et al., 1985). from the deregulation of Atro target genes.
For example, Atro might affect the repressive activi-Using in vitro binding assays, we found that Eve can
interact with Atro protein via Eve’s minimal repression ties of some gap genes, since the stripe boundaries of
pair-rule gene expression are expanded in the Atromatdomain (Figure 7; Han and Manley, 1993). Finally, using
the in vivo repression assay developed by M. Levine embryos (Figure 5). Furthermore, our evidence implies
that Atro might also function as a corepressor for theand colleagues (Nibu et al., 1998a), we showed that Atro
can directly repress transcription when tethered to DNA Hkb repressor. We have shown that Atro genetically
interacts with hkb in a dosage-sensitive fashion (Tablevia the Gal4 DNA binding domain (Figure 8). Together,
these data support the notion that Atro functions as a 1) and that the Atro protein binds to Hkb in vitro (Figure
7). Moreover, pair-rule gene expression in Atromat em-corepressor for Eve during embryogenesis.
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bryos is shifted posteriorly, a phenotype observed in despite the ubiquitous expression of the disease genes.
Our data show that although fly Atro is widely expressed,hkb mutants (Figure 5; Weigel et al., 1990).
The activity of Atro may also regulate the output of it controls the activities of specific transcription factors
(e.g., eve and hkb) that regulate gene expression in aother signaling cascades during development. Several
defects observed in Atro mutants, such as polarity, neu- spatially restricted fashion. Interestingly, Hkb and Eve
homologs were reported to be expressed in the devel-rogenic, and cleft notum phenotypes, are reminiscent
of characteristic phenotypes associated with disruption oping mouse and zebrafish brains (Bastian and Gruss,
1990; Wilkinson et al., 1989). We also found that humanof the frizzled, Notch, dpp, and JNK signaling pathways
(Zheng et al., 1995; Artavanis-Tsakonas et al., 1999; Zeit- Eve homologs are expressed in the adult human brain,
including the regions that are affected in the DRPLAlinger and Bohmann, 1999). As the activation of these
signaling pathways often leads to eventual transcrip- patients (data not shown). These data suggest that
Atrophin-1 may also interact with Eve and Hkb homologstional changes within the nucleus, it is conceivable that
some downstream transcription factors in these signal- in humans, which could contribute to the pathogenesis
of the DRPLA disease.ing cascades function together with Atro.
Experimental ProceduresDeregulation of Transcription and
Neurodegeneration
StocksAtrophin-1 is the causative gene for DRPLA, a member
Flies were cultured at 25C unless otherwise specified. Somatic
in the family of progressive neurodegenerative diseases clones mutant for P insertions were generated with the FLP/FRT
that are caused by poly-Q expansion (Ross, 1995). In this system (Xu et al., 1995). Five insertion lines with similar clonal pheno-
types were found to belong to the same complementation group,study, we present the characterization of an Atrophin
Atro. The following animals were produced for examining pheno-homolog in a model organism and provide evidence that
types: for wings, y w hs-FLP1/y w; P[y]66E P[mini-w]67B,75CAtrophin proteins function as transcription corepressors
ri P[FRT]79E/wmh Atrop3,p4 ri P[FRT]79E; for eye, y w ey-FLP/w;in vivo. Our data supports a growing body of evidence
P[w]70C ri P[FRT]79E/Atrop3,p5 ri P[FRT]79E; and for germline
that links the functions of the poly-Q disease genes to clones, y w hs-FLP/; Atrop1, p3, e46-2 FRT793L2A/P[ovoD] FRT793L2A X
transcriptional regulation. Besides Atrophin, two other Atrop1, p3, e46-2 FRT793L2A/TM3 Sb P[Kr-GFP] or P[ubx-LacZ].
The following mutant alleles were tested for dosage-dependentmembers of the poly-Q disease genes also regulate tran-
genetic interaction with Atro: eve (1, 1.18, 2, 3, 4, 5, R13); h (5H07,scription. Androgen receptor, the SBMA disease gene,
25, 12C89, 7H94, p08247); run (3, 29); kr (1, 9); kni (6, 9, 1); hb (9K57,encodes a transcription factor (La Spada et al., 1991).
9Q17); hkb (xm9, 62, 1, A32R, 2059); tll1; ftz (1, 6, 11, RP1); ftz-f103649;Huntingtin (Htt), the HD gene product, has been shown
dl1; twi1; sna18; gtx11; and rho7M43.
to bind to transcription corepressor N-CoR (Boutell et
al., 1999) and transcription coactivator CBP (Steffan et
Immunohistochemistry
al., 2001). Furthermore, Htt has been shown to regulate Double immunofluorescent labeling of embryos and third instar
transcription of BDNF, a gene required for neuronal sur- imaginal discs was performed according to standard protocol and
was visualized using FITC-, CY5-, or LSRC-conjugated secondaryvival (Zuccato et al., 2001).
antibodies (Jackson Labs). -Hb, -Kni, -Kr, -Gt, -Eve, -Runt,Our data suggest that poly-Q expansion in Atrophin-1
-H, and -Tll were from J. Reinitz. -Twist (1:5000 dilution) wasreduces its normal repressive activity. Interestingly, poly-Q
from S. Roth. -Kr and -Kni (1:100 dilution) were from S. Carroll.expansion in Htt also reduces HD’s normal transcrip-
-En (4D9), -Wg (4D4), and -Elav (1:20 dilution) were from DSH
tional activity, which in turn causes diminished level of Bank.
BDNF transcription (Zuccato et al., 2001). How can these Mouse polyclonal anti-Atro sera were generated with GST fusions
containing Atro sequences (aa 32–226 and aa 1562–1797). Preab-observations explain the dominant feature of these dis-
sorbed sera were used at 1:3000 dilution. The specificity of theeases? We hypothesize that poly-Q expansion might
antiserum was verified by Western blot analysis of extracts fromalter the normal activity of these transcriptional regula-
wild-type and mutant tissues expressing a Myc-tagged Atrotors, which would in turn lead to aberrant gene expres-
transgene.
sion. In a heterozygous patient, such a quantitative
change in gene expression could lead to accumulative
RNA In Situ
damages in long-lived neurons, providing one possible LacZ repression experiments with whole-mount in situ hybridiza-
explanation for the progressive, dominant pathogenic tions were performed as described (Nibu et al., 1998a). Out of 150
stage 5 Gal4DB::hAtrophin-1 embryos and out of 230 stage 5effects of these diseases. Indeed, several recent findings
Gal4DB::hAtrophin-1-Q118 embryos, 116 and 42, respectively,support this hypothesis. For example, specific down-
showed repressed LacZ transcription in the central abdominal re-regulation of multiple neuronal genes were observed in
gion. ftz DNA was obtained by PCR amplification from genomic DNA.the SCA1 mouse long before obvious pathologic
Both sense and antisense Digoxigenin-labeled RNA probes covering
changes (Lin et al., 2000). Poly-Q-expanded Htt inhibits either 5 or 3 of Atro cDNA were generated by in vitro transcription
the function of several transcriptional coactivators, in- using T3 or T7 RNA polymerases (Boehringer Mannheim).
cluding CBP, and modulating such inhibition by adminis-
tering histone deacetylase inhibitors can arrest poly-Q- Cuticle Preparation
Overnight collections of embryos were aged for 24 hr at 25C. Thedependent neurodegeneration in fly (Steffan et al., 2001).
cuticle preparation and analysis were performed as describedTogether, these data suggest that deregulation of tran-
(Nusslein-Volhard et al., 1985). Among 283 embryos produced fromscription contribute to the pathogenesis of neurodegen-
Atromat mothers and Atro/ fathers, 144 did not develop. Amongeration.
the 139 developed embryos, all of them had missing and misshaped
Deregulating the activities of specific transcription ventral denticle belts, and 99 had holes or patches of naked cuticle.
regulators could also explain the specificity of the af- Among 82 embryos with at least one complete ventral denticle belt,
20 had obviously widened belts. Also see Figure 4.fected tissues observed in each of the poly-Q diseases,
Atrophin Functions as a Transcription Corepressor
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Molecular Genetics J.B. (1999). Analysis of an even-skipped rescue transgene reveals
both composite and discrete neuronal and early blastoderm en-Genomic DNA flanking all Atro P alleles were recovered by plasmid
rescue and were used to isolate 40 cDNA clones. Northern analysis, hancers, and multi-stripe positioning by gap gene repressor gradi-
ents. Development 126, 2527–2538.restriction enzyme digestion, and sequencing cDNA clones revealed
that they correspond to a single transcript with an ORF of 1985 aa Han, K., and Manley, J.L. (1993). Transcriptional repression by the
Excision lines (162) were generated from the P1 insertion allele, Drosophila even-skipped protein: definition of a minimal repression
and a majority of them were viable and normal. Characterization of domain. Genes Dev. 7, 491–503.
30 mutant excision alleles revealed that an embryonic lethal excision Jimenez, G., Paroush, Z., and Ish-Horowicz, D. (1997). Groucho acts
allele, e46-2, has a 2 kb deletion removing the first exon, while a as a corepressor for a subset of negative regulators, including Hairy
pupal lethal allele, e26-3, has a 0.5 kb deletion in the same region. and Engrailed. Genes Dev. 11, 3072–3082.
An 8.4 kb cDNA containing the entire Atro open reading frame
Kobayashi, M., Goldstein, R.E., Fujioka, M., Paroush, Z., and Jaynes,was cloned into pCaSpeR-hs (hs-Atro) to generate multiple trans-
J.B. (2001). Groucho augments the repression of multiple Evengenic lines. Ectopic expression of hs-Atro (1 hr at 37C every 12 hr)
skipped target genes in establishing parasegment boundaries. De-could rescue all strong Atro alleles. While most rescued adults had
velopment 128, 1805–1815.normal morphology, a few had smaller eyes and deformed genitals.
Koide, R., Ikeuchi, T., Onodera, O., Tanaka, H., Igarashi, S., Endo,To generate the Gal4DB::Atro, Gal4DB::hAtrophin-1, Gal4DB::
K., Takahashi, H., Kondo, R., Ishikawa, A., Hayashi, T., et al. (1994).hAtrophin-1-Q118 fusion constructs, Atro/myc, Atrophin-1, and
Unstable expansion of CAG repeat in hereditary dentatorubral-pal-Atrophin-1-Q118 were then cloned in the Kreggy vector (Nibu et al.,
lidoluysian atrophy (DRPLA). Nat. Genet. 6, 9–13.1998a). Detailed construct information is available upon request.
Three transgenic lines for Gal4DB::Atro and five transgenic lines La Spada, A.R., Wilson, E.M., Lubahn, D.B., Harding, A.E., and Fisch-
for either Gal4DB::hAtrophin-1 or Gal4DB::hAtrophin-1-Q118 were beck, K.H. (1991). Androgen receptor gene mutations in X-linked
established. spinal and bulbar muscular atrophy. Nature 352, 77–79.
Li, C., and Manley, J.L. (1998). Even-skipped represses transcription
In Vitro Binding Assay by binding TATA binding protein and blocking the TFIID-TATA box
35S-labeled full-length and truncated Atro were synthesized by in interaction. Mol. Cell. Biol. 18, 3771–3781.
vitro translation using TNT system (Promega). The full-length and
Lin, X., Antalffy, B., Kang, D., Orr, H.T., and Zoghbi, H.Y. (2000).
truncated Eve and Hkb GST fusions were purified using Glutathione-
Polyglutamine expansion down-regulates specific neuronal genes
coupled beads (Pharmacia) and were quantified by SDS-PAGE fol-
before pathologic changes in SCA1. Nat. Neurosci. 3, 157–163.
lowed by Coomassie blue staining. For binding assays, equal
Mannervik, M., and Levine, M. (1999). The Rpd3 histone deacetylaseamounts of radiolabeled proteins were added to preequilibrated
is required for segmentation of the Drosophila embryo. Proc. Natl.beads containing 5 g of GST fusions in 1  HMK buffer (0.01 M
Acad. Sci. USA 96, 6797–6801.[pH 7.2] HEPES, 0.143 M KCl, 5 mM MgCl2, 1 mM EGTA, 0.2%
Mannervik, M., Nibu, Y., Zhang, H., and Levine, M. (1999). Transcrip-NP40) in 200 l and were rotated at 4C overnight. Beads were
tional coregulators in development. Science 284, 606–609.subsequently recovered and washed in 1HMK and were analyzed
by SDS-PAGE gels followed by autoradiography or phosphor scan- Manoukian, A.S., and Krause, H.M. (1992). Concentration-depen-
ner (Mol. Dynamics). dent activities of the even-skipped protein in Drosophila embryos.
Genes Dev. 6, 1740–1751.
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